Gentamicin is a highly efficacious antibiotic against Gram-negative bacteria. However, its usefulness in treating infections is compromised by its poorly understood renal toxicity. Toxic effects are also seen in a variety of other organisms. While the yeast Saccharomyces cerevisiae is relatively insensitive to gentamicin, mutations in any one of ϳ20 genes cause a dramatic decrease in resistance. Many of these genes encode proteins important for translation termination or specific protein-trafficking complexes. Subsequent inspection of the physical and genetic interactions of the remaining gentamicin-sensitive mutants revealed a network centered on chitin synthase and the Arf GTPases. Further analysis has demonstrated that some conditional arf1 and gea1 alleles make cells hypersensitive to gentamicin under permissive conditions. These results suggest that one consequence of gentamicin exposure is disruption of Arfdependent protein trafficking.
ity. These mutants fall into several groups, the largest of which is associated with intracellular protein trafficking.
The lone chaperone gene uncovered was ZUO1, which encodes a DnaJ homolog (13) . Along with Ssz1, it forms RAC, or ribosome-associated complex, which stimulates the ATPase activity of Ssb, an Hsp70 protein encoded by SSB1 and SSB2 (13, 17, 26) . Mutants lacking any of these proteins are sensitive to gentamicin as well as to the aminoglycoside paromomycin and have increased termination readthrough (24, 33) . These characteristics are also associated with cells mutant for the translation release factors Sup35 and Sup45 (48) . Furthermore, Polevoda et al. recently demonstrated that Sup45 is methylated by Mtq2 and that cells lacking MTQ2 are also sensitive to the aminoglycosides paromomycin and geneticin (30) .
Blackburn and Avery also noted that many of the gentamicin-sensitive mutants were associated with vacuolar and Golgi functions (3) . Several of these mutants were defective in components of the C/HOPS (class C Vps/homotypic vacuole fusion and vacuole protein sorting) or GARP (Golgi-associated-retrograde protein) complexes. Upon closer inspection, we found that most mutants lacking components of the C/HOPS or GARP complexes have increased gentamicin sensitivity (47) . The C/HOPS complex, consisting of Pep3, Pep5, Vps16, and Vps33, is necessary for efficient fusion of vesicles from the Golgi apparatus to endosomes (for a review, see reference 49). These proteins also form a larger complex with Vps39 and Vps41 at the vacuolar membrane (42) . This complex acts as a guanine nucleotide exchange factor (GEF) for the Rab-like protein Ypt7 and is critical for proper tethering of endosomal vesicles to the vacuolar membrane. Mutants lacking one of the four members of the C/HOPS complex, as well as Vps39 or Vps41, have increased sensitivity to gentamicin. Cells lacking the C/HOPSassociated protein Vps8 also have increased sensitivity to gentamicin. Blackburn and Avery also found that cells lacking Luv1 (Vps54), a component of the GARP complex, have increased sensitivity to gentamicin (3) . We subsequently demonstrated that cells lacking one of the other components of the GARP complex (Vps51, Vps52, or Vps53) are hypersensitive to gentamicin (47) . GARP is a tethering complex that facilitates retrograde vesicle trafficking from the endosomes to the Golgi apparatus (35, 49) . We also found that loss of two other proteins necessary for retrograde trafficking to the Golgi apparatus, the syntaxin-like tsnare Tlg2 and the Sec1/Munc homolog Vps45, leads to increased gentamicin sensitivity.
These results suggest that the still unidentified targets of gentamicin within mammalian cells are components of endocytic vesicle trafficking. However, the cytoplasmic concentration of gentamicin is an important consideration in toxicity. Thus, a related phenomenon is that defects in endocytic trafficking that increase the concentration of gentamicin in the cytoplasm may then cause an increase in the interactions of gentamicin with its true targets. However, these true targets could include endocytic proteins exposed to the cytoplasm. Defects in the GARP complex cause defects in retrograde trafficking back to the Golgi apparatus as well as vacuole fragmentation (35) . Loss of the C/HOPS complex also causes vacuolar fragmentation (50) . Loss of the Nhx1 Na ϩ /H ϩ transporter leads to enlargement of the prevacuolar compartment and defective transport to the vacuole (4). One consequence of each of these defects could be an increase in the amount of gentamicin leaked from endocytic vesicles and released into the cytoplasm.
To determine whether functional relationships exist among any of the remaining gentamicin-sensitive mutants, we examined the literature for possible genetic or physical relationships between these genes. This reexamination allowed us to develop a network of biochemical, physical, and genetic interactions between the remaining sensitive mutants found by Blackburn and Avery or their encoded proteins and a key regulator of vesicular transport-the Arf1/2 family of GTPases.
MATERIALS AND METHODS
Strains and media. The yeast strains used in this study are listed in Table 1 . The yeast growth medium was prepared as previously described (20) . Yeast strains were grown at 30°C on rich yeast extract-peptone-dextrose (YPD) medium (2% [wt/vol] peptone, 2% [wt/vol] glucose, and 1% [wt/vol] yeast extract) (unless otherwise specified). Gentamicin was added to the medium to the concentrations indicated in the figure legends. Solid medium was made with 2% (wt/vol) agar. Yeast strains containing temperature-sensitive plasmids of GCS1 (pPP805-3 and pPP805-28) were obtained from G. Johnston's lab (University of Halifax) (31, 32) .
GTP-binding ARF1-TAP pulldown assay. Plasmid pAB382 was kindly provided by P. Scott (University of Minnesota Medical School, Duluth) (56) . Plasmid pAB382 consists of a truncated yeast GGA2 gene (encoding amino acids 1 to 326) fused in frame at the amino terminus to the glutathione S-transferase gene (GST). BL21(DE3) bacterial cells transformed with pAB382 were cultured at 37°C in 10 ml of Luria-Bertani (LB) medium containing 150 g/ml ampicillin (LB-Amp) for 12 to 16 h to reach stationary phase. This preculture was then diluted to 500 ml with fresh LB-Amp and was grown until the culture reached an optical density at 600 nm (OD 600 ) of 0.6 to 0.8. Isopropyl ␤-D-thiogalactoside (IPTG) was then added to a final concentration of 0.8 mM, and the cells were incubated at 37°C for 5 h. Cells were harvested by centrifugation for 10 min at 4,500 ϫ g and 4°C. Cell pellets were washed once and were then resuspended in 7 ml of ice-cold lysis buffer containing 20 mM Tris-HCl (pH 7.4), 100 mM NaCl, to the glutathione Sepharose 4B matrix. After incubation, the flowthroughs of each MicroSpin column and four subsequent washes with 150 l lysis buffer were discarded. Two hundred micrograms (adjusted to a final volume of 250 l) of a yeast ARF1-TAP strain whole-cell lysate prepared from cells grown to different cell densities in the absence or presence of gentamicin was added to the MicroSpin columns and was incubated at 4°C for 30 min with agitation. The flowthroughs of each MicroSpin column and four consecutive washes with 150 l lysis buffer were discarded. The bound proteins were eluted by the addition of 40 l of elution buffer (10 mM glutathione, 50 mM Tris-HCl [pH 8.0]) to the spin column, centrifugation, and collection of the eluant. The released protein was analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and TAP immunoblotting.
Gentamicin-Sepharose 4B affinity column binding assay. Two grams of CNBractivated Sepharose 4B (GE Healthcare, NJ) was swollen in 10 ml of 1 mM HCl (to a final volume of 7 ml) and was washed in 400 ml of 1 mM HCl in several aliquots, followed by an additional wash in 20 ml of coupling buffer (0.1 M NaHCO 3 [pH 8.3], 0.5 M NaCl). The resin was separated into a control resin group and a gentamicin-binding resin group. The control resin was mixed with 10 ml coupling buffer and was incubated at 4°C overnight with gentle agitation. The gentamicin-binding resin was mixed with 10 ml gentamicin coupling buffer (10 mM Four hundred micrograms of yeast whole-cell lysate was made from the ARF1-TAP yeast strain grown to mid-log phase and was adjusted to a final volume of 2 ml using PBS. This extract was mixed with 1 ml of either control resin or gentamicin-binding resin and was incubated at 4°C for 2 h with gentle agitation. Each resin was washed four times with 10 ml PBS buffer before the final elution with 6 ml. The sample was concentrated to 40 l in elution buffer (0.05 M NaH 2 PO 4 , 0.05 M Na 2 HPO 4 , 1 M NaCl [pH 7.4], 10 mM gentamicin) using a Vivaspin 500 column (molecular weight cutoff [MWCO], 10,000; GE Healthcare). The flowthroughs of the four washes and elution were collected for SDS-PAGE and Western blot analysis.
Isolation of rat kidney cortical lysate. A rat kidney was removed and flushed with PBS (0.05 M NaH 2 PO 4 , 0.05 M Na 2 HPO 4 , 1 M NaCl [pH 7.4]). The outer cortex was dissected and homogenized using a Dounce homogenizer in homogenization buffer (HB, consisting of 0.25 M sucrose, 10 mM Tris-HCl [pH 7.4], 1 mM EDTA, and protease inhibitor cocktail [Calbiochem] ). The homogenate was centrifuged for 15 min at 3,000 rpm and 4°C. The supernatant containing 7.5 mg/ml protein was collected and frozen in liquid nitrogen. The lysate was then used for the gentamicin binding assay as described above.
RESULTS
Arf1/2-dependent trafficking is a possible target of gentamicin. While the yeast Saccharomyces cerevisiae is relatively insensitive to gentamicin, mutations in any one of ϳ20 genes cause a dramatic decrease in resistance. Many of these genes encode proteins important for translation termination or specific protein-trafficking complexes. However, roughly one-third of the mutants had no obvious relationship to translation or the two trafficking complexes C/HOPS and GARP. We therefore examined the literature for possible genetic or physical relationships between the genes of the remaining deletion mutants sensitive to gentamicin. This reexamination allowed us to develop a network of biochemical, physical, and genetic interactions between the remaining sensitive mutants found by Blackburn and Avery and yet another key component of protein trafficking-the Arf1/2 GTPases (Fig. 1) .
In S. cerevisiae, the Arf1/2 GTPases play a critical role in the production of the major cell wall component chitin by controlling the localization of the CHS3-encoded chitin synthase (45) . Sps1 may also regulate the localization not only of Chs3 but also of the glucan synthase Gsc2 (18) . CHS1 encodes another chitin synthase whose localization is regulated distinctly from that of Chs3 (57) . CAX4 and MNN9 encode enzymes with a role in glycosylation (34) . Furthermore, cells lacking either CAX4 or MNN9 are also sensitive to calcofluor white, an agent known to disrupt chitin deposition. GCS1 encodes an Arf-GAP (GTPase-activating protein), and cells doubly mutant for ARF1 as well as CHC1, GCS1, or PIK1 are inviable (6, 41, 55) .
While Arf function is essential, Blackburn and Avery did not identify arf1⌬ or arf2⌬ mutants as hypersensitive to gentamicin, and upon close reexamination of these mutants, we also found no indication that these strains were hypersensitive to gentamicin (data not shown). We therefore examined whether the loss of Arf function causes yeast to become hypersensitive to gentamicin by the use of hypomorphic alleles of ARF1. Since the complete absence of Arf function is lethal, we utilized temperature-sensitive alleles of ARF1 (kindly provided by A. Nakano) to determine whether gentamicin affected cells with reduced Arf activity (53) . These strains contain deletions of genomic ARF1 and ARF2 and have a specific arf1 mutant allele integrated at the ARF1 locus. As can be seen in Fig. 2 , there is no detectable growth defect when these cells are grown at room temperature (23°C) in the absence of gentamicin. However, the strains containing mutant arf1 are hypersensitive to gentamicin. Interestingly, the gentamicin hypersensitivity generated by the three alleles used here, arf1-11, arf1-16, and arf1-18, is quite variable. The arf1-18 mutant has only a marginal growth defect when grown in the presence of 500 g/ml gentamicin. However, the arf1-11 and arf1-16 mutants are very sensitive to gentamicin, even at a concentration of 100 g/ml; the arf1-16 strain is unable to grow at all at 100 g/ml gentamicin. Under our conditions in the absence of gentamicin, all three strains are temperature sensitive for growth at 37°C (Fig. 2) .
While Arf1 and Arf2 are relatively interchangeable, speci- (54) . None of these proteins is essential, but several essential pairs of GAPs have been identified. Together, Age2 and Gcs1 are essential and affect movement from the transGolgi network (36) , while Glo3 and Gcs1 also form an essential pair and are key regulators of retrograde trafficking from the Golgi apparatus to the ER (31). Furthermore, a gcs1⌬ deletion strain was found to be weakly sensitive to gentamicin by Blackburn and Avery (3). In order to assess the importance of GCS1 more definitively, we obtained a series of strains (kindly provided by G. Johnston) in which various combinations of Arf-GAP-encoding genes have been deleted and which are kept viable by the presence of a temperature-sensitive allele of GCS1 ( Fig. 3 ; Table 1 ). Spot dilution assays of these cells were performed in the presence or absence of gentamicin, and duplicate plates were incubated at either 25°C or 30°C (Fig. 3 ) (see Materials and Methods). While each strain contains a temperature-sensitive allele of GCS1 (gcs1-3 or gcs1-28), PPY164-5D and PPY147-28-2A have gcs1::URA3 age2::HIS3 and gcs1::URA3 glo3::HIS3, respectively, and require the plasmid-borne copy of GCS1 for viability. As can be seen in Fig. 3 , gcs1::URA3 age2::HIS3 and gcs1::URA3 glo3::HIS3 cells containing either gcs1-3 or gcs1-28 are sensitive to gentamicin at the permissive temperature of 25°C. Thus, defects in either the Arf GTPase or specific Arf-GAPs lead to increased gentamicin sensitivity.
There are also several GEFs that function in different contexts with Arf1 and Arf2 (1). These include the nonessential Arf-GEF Syt1, which was not identified in the global screen for gentamicin sensitivity; the essential protein Sec7; and the essential pair of proteins Gea1 and Gea2. Since Sec7 and Gea1/ Gea2 would not have been readily identified as having a role in gentamicin resistance, we examined the gentamicin sensitivities of a Sec7 temperature-sensitive strain (Table 1) and several strains that lacked wild-type GEA1 and GEA2 (Table 1 ) (29) but were kept alive by a copy of a temperature-sensitive allele of GEA1 ( Table 1) . As can be seen in Fig. 4 , while the sec7 ts mutant is unaffected by gentamicin, the gea1 ts strain is sensitive to gentamicin. Thus, mutants dependent on defective alleles of ARF1 as well as GCS1 and GEA1 have increased gentamicin sensitivity.
Arf activity is also important for the proper processing of carboxypeptidase Y (CPY) as it traffics through the secretory pathway. CPY is a soluble protein located in the lumen of the vacuole (44) . Thus, we examined whether cells mutant for Arf or its regulators were defective in CPY processing in the presence of gentamicin. Interestingly, while arf1⌬ and gea1⌬ cells are both viable in the presence of gentamicin, both strains accumulate both p1 (ER) and p2 (Golgi complex) precursor forms of CPY (Fig. 5) . As can also be seen in Fig. 5 , when cells lacking both ARF1 and ARF2 that are kept alive by the presence of a temperature-sensitive allele of ARF1 (either arf1-11 or arf1-16) are treated with gentamicin, both the p1 (ER) and p2 (Golgi complex) precursor forms of CPY accumulate in (NYY0-1) or cells expressing only the indicated ARF1 mutation (NYY11-2, NYY16-1, or NYY18-1) were first grown overnight in YPD medium at 23°C, then transferred to solid YPD medium containing the indicated concentration of gentamicin, and finally incubated at 23°C overnight. (Bottom) The same strains were transferred to solid YPD medium and were grown overnight. Cells were then transferred to fresh YPD medium and were grown overnight at the indicated temperature, and images were captured. RT, room temperature.
FIG. 3. Gentamicin sensitivities of yeast Arf GAP mutants. AGE1, AGE2, GLO3
, and GCS1 encode the four GTPase-activating proteins (GAPs) associated with Arf function. None of these genes is essential, but the Age2/Gcs1 pair and the Glo3/Gcs1 pair are essential. Spot dilution assays were performed with the indicated numbers of cells, which were grown for 3 days on solid YPD medium. All strains contain a temperature-sensitive allele of GCS1, but only strains with defective GAP pairs are sensitive to gentamicin at the permissive temperature of 25°C. Gentamicin influences GTP-bound Arf levels during a growth cycle. Given that not only cells defective in Arf1 but also cells defective in the GTPase regulators of Arf1 are sensitive to gentamicin, we examined whether gentamicin affected the levels of Arf1-GTP present in cells. The ␥-ear adaptin proteins are a family of proteins that bind to both clathrin and Arf-GTP (16) . The yeast homologs of this family are the proteins Gga1 and Gga2 (16) . We therefore utilized the Arf-GTP binding specificity of Gga2 to measure Arf-GTP levels in cells growing in the presence of gentamicin. A GST-Gga2 protein was expressed in bacteria from plasmid pAB382 and was purified as described in Materials and Methods. The purified GST-Gga2 was bound to GST-Sepharose and was then incubated with Arf1-TAP yeast cell extracts grown in the presence or absence of gentamicin. The bound protein was eluted with glutathione and subjected to SDS-PAGE and TAP Western blot analysis. As can be seen in Fig. 6A and C, gentamicin alters Arf1-GTP levels in a manner dependent on the growth state of the cells. The relative abundance of Arf1-GTP is dramatically reduced in cells that are in early-logarithmic growth (cell densities, 5 ϫ 10 6 and 10 7 cells/ml). However, as cells approach late-logarithmic growth (2.5 ϫ 10 7 and 5 ϫ 10 7 cells/ml), gentamicin has no detectable effect on Arf1-GTP levels. Finally, as cells enter stationary phase (10 8 cells/ml), gentamicin causes a modest increase in Arf1-GTP levels over those in cells grown in the absence of gentamicin. This effect is not caused by a change in the level of total Arf1, which remains constant in the presence or absence of gentamicin and across all growth phases of the cells (Fig. 6B) . Thus, gentamicin can dramatically affect the level of Arf-GTP in a manner also influenced by the growth phase of the cells.
Enrichment of Arf1 by gentamicin column chromatography. One possible explanation for the effects of gentamicin on Arf activity is that gentamicin can bind directly to Arf or Arfcontaining complexes. In order to test this hypothesis, yeast extracts from a TAP-ARF1 strain were passed over a gentamicin Sepharose column. The column was then washed four times, and bound protein was eluted with 10 mM gentamicin. The proteins present in this eluate were separated by SDS-PAGE and were then transferred to a polyvinylidene difluoride FIG. 4 . Gentamicin sensitivities of yeast Arf-GEF mutants. GEA1, GEA2, SEC7, and SYT1 encode the four guanine nucleotide exchange factors (GEFs) associated with Arf function. SYT1 is not essential and was not identified in the global screen for gentamicin sensitivity. The GEA1/GEA2 pair and SEC7 are essential. Spot dilution assays were performed using the indicated cell numbers on solid YPD medium. Cells were grown for 2 days. These results show that while a sec7 ts mutant is unaffected by gentamicin, the gea1 ts (gea1⌬/gea2⌬) strain is sensitive to gentamicin.
FIG. 5. Gentamicin disrupts CPY processing in cells mutant for Arf or Arf regulators.
Strains were grown at 30°C to early-log phase (5 ϫ 10 6 cells/ml) before gentamicin (to a final concentration of 500 g/ml) was added to the medium. After 0, 4, or 8 h of additional incubation at 30°C, aliquots of cells were removed and prepared for Western blot analysis using anti-CPY primary antibodies. Gent, gentamicin.
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on July 3, 2017 by guest http://aac.asm.org/ (PVDF) membrane. Western blot analysis was then performed using anti-TAP antibodies. As can be seen in Fig. 7 , TAP-Arf1 was bound only by the gentamicin Sepharose column and not by the control beads. Further, this interaction could be enhanced by pretreating the extracts with GDP. However, bacterially expressed and purified Arf1 did not bind to gentamicin Sepharose (data not shown). This suggests that Arf1 binding either is indirect and/or requires a specific Arf1 conformation present only when it is interacting with one of its many regulatory proteins, i.e., Arf GAPs and ARF GEFs. While we did not detect the binding of unrelated TAPtagged proteins to gentamicin-Sepharose, including TAP-Glo3 (data not shown), we wanted to determine whether the binding of Arf to gentamicin-Sepharose was a specific characteristic of yeast Arf or could be seen in other organisms. Therefore, we examined whether Arf1 from rat kidney cortex extracts also bound to gentamicin-Sepharose. Rat kidney cortex extracts were prepared as described in Materials and Methods and were passed over gentamicin-Sepharose. After several washes, the remaining proteins were eluted with gentamicin, separated by SDS-PAGE, and transferred to a PVDF membrane. In this case, Western blot analysis was performed using anti-rat Arf1 antibodies. As seen in Fig. 6 , rat kidney Arf1 also bound to gentamicin-Sepharose. Thus, we can detect both yeast Arf and rat kidney Arf on gentamicin-Sepharose by either antibodies to an epitope tag (yeast) or antibodies directly recognizing Arf1 (rat). While other proteins were eluted from the gentamicinSepharose, mass spectrometry of these proteins showed they were not Arf regulators. These proteins are now the subject of further investigation.
Mammalian Arf activity is more sensitive to gentamicin inhibition than yeast Arf activity. While wild-type yeast are resistant to gentamicin, mammalian cells can lose viability in the presence of therapeutic concentrations of gentamicin (10) . Since endocytic functions are known to be affected by gentamicin in mammalian cells, we reasoned that one possibility is that Arf-dependent trafficking is more sensitive to disruption by the presence of gentamicin in mammalian cells than in yeast. To gain insight into whether mammalian Arf proteins might be at least partially responsible for this difference, we examined the gentamicin sensitivity of yeast cells in which the essential function provided by the ARF1/ARF2 gene pair is replaced by human ARF4 (hARF4) or bovine ARF1 (bARF1; the encoded product is identical to human Arf1). Yeast arf1⌬/ arf2⌬ cells expressing yeast ARF1 (NYY0-1 [53] ), hARF4 (RT166 [19] ), or bARF1 (121.13C [19] ) (see Table 1 ) were grown in rich medium containing either 100 g/ml or 500 g/ml gentamicin. Cells expressing either hARF4 or bARF1 were sensitive to gentamicin at either concentration, although bARF1-utilizing cells were noticeably more sensitive to gentamicin than hARF4-utilizing cells (Fig. 8) . It is noteworthy that the inhibitory concentration of 100 g/ml is in the same range as that achieved in vivo when gentamicin is administered to patients (8, 9) . Thus, it is possible that the increased sensitivity of mammalian cells to gentamicin may be at least partially due to the increased sensitivity of mammalian ARF to the presence of gentamicin. FIG. 6 . Arf1-GTP levels change while total Arf1 levels remain constant. (A and B) During different yeast cell growth phases, Arf1-GTP levels are lower at early-and mid-log phase in the presence (at 500 g/ml) of gentamicin (A), while total Arf1 protein levels remain constant in the absence or presence (at 500 g/ml) of gentamicin (B). (C) Scanning densitometry analysis of Arf1-GTP abundance in the presence (at 500 g/ml) or absence of gentamicin. From left to right, lanes show whole-cell lysate from an ARF1-TAP strain that was added to and incubated with gentamicin-Sepharose; four washes of the column after incubation with whole-cell lysate; and final elution from the column. (Bottom) Western blot analysis of rat Arf1 protein using preimmune serum or anti-rat Arf1 (FabGennix, Frisco, TX). Lanes are the same as explained above, except that the leftmost lane shows a loading control of rat kidney cortex lysates, which were added to and incubated with gentamicin-Sepharose.
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DISCUSSION
The current literature raises critical questions regarding the understanding of aminoglycoside nephrotoxicity that center around the trafficking and compartmentation of aminoglycosides within the endosomal/lysosomal and cytosolic compartments. Further identification of the intracellular mechanisms and the proteins/pathways involved will play a pivotal role in developing needed therapeutic approaches. However, this is difficult in mammalian cells due to their inherent complexity. Therefore, given the tremendous genetic, genomic, and proteomic advantages of yeast and the demonstrated similarities between yeast and mammalian cells, we have begun to utilize yeast to understand the pathways important in inducing gentamicin toxicity.
In light of our findings, we reexamined the literature for potential relationships between gentamicin and the hypersensitive mutants uncovered by Blackburn and Avery that were not linked to the function of either the C/HOPS or GARP complexes or to chaperones critical for regulating translation. In this manner, we were able to formulate a network among these gentamicin-sensitive genes and the Arf1/2 GTPases based on both genetic and physical interactions (from the Saccharomyces Genome Database [SGD] ). This network also includes the components of the phosphatidylinositol (PtdIns) pathway Sac1 and Pik1. Sac1 is a PtdIns(4)P phosphatase whose loss increases sensitivity to gentamicin (3), while Pik1 is a PtdIns(4)P kinase that generates a pool necessary for proper Golgi trafficking (11, 41, 51) . Thus, it is likely that PtdIns(4)P is a key regulator of Arf-dependent Golgi function, possibly as a direct effector of Arf or its regulators, such as Gcs1, an Arf-GAP, or Gea1/2, which are Arf-GEFs. Interestingly, cationic amphiphilic compounds, such as gentamicin, are known to cause an accumulation of phospholipids in mammals (2) . Based on these data and the role of Sac1 in yeast hypersensitivity to gentamicin, it will be informative to determine whether accumulation of phospholipids, especially that of PtdIns(4)P, plays a protective role in gentamicin exposure. Sps1 (18) , Sac1 (40) , and Chs1 are directly involved in the deposition of chitin, and Cax1 and Mnn9 are likely to be involved in the proper posttranslational modification of Chs3. Interestingly, although MNN9 was identified in the screen for mutants hypersensitive to gentamicin, it encodes a member of the ␣-1,6-mannosyltransferase complex; a deletion of any of the six genes (ANP1, HOC1, MNN9, MNN10, MNN11, VAN1 ) encoding components of this transferase confers sensitivity to calcofluor white, and many of these deletions are synthetically lethal with chitin synthase mutations (21) .
As a direct test of a role for Arf in gentamicin toxicity, we found that cells expressing only a defective allele of ARF1 are hypersensitive to gentamicin (Fig. 2) . Only some mutant alleles of ARF1 cause cells to become sensitive to gentamicin; however, arf1-16 strains are the most sensitive. Interestingly, the temperature-sensitive phenotype of a strain carrying arf1-16 is suppressed by overexpression of GLO3, which encodes an alternative Arf1 GTPase-activating protein to Gcs1, but that of the arf1-11 or arf1-18 strain is not (52) . These data, coupled with the greater sensitivity of arf1-16 to gentamicin, suggest the particularly susceptible gentamicin target may be the interaction between Arf and Glo3 (and possibly Gcs1). In their original gentamicin sensitivity screen, Blackburn and Avery found gcs1⌬ mutants to be hypersensitive to gentamicin (3) . Originally, we found that the loss of GCS1 caused a subtle growth defect in response to gentamicin in our background. However, we have found that strains lacking either essential pair of ARF GTPase-encoding genes (gcs1⌬/age2⌬ or gcs1⌬/glo3⌬) but kept viable by a partially defective allele of GCS1 are much more sensitive to gentamicin. Furthermore, cells lacking GEA2 and expressing only a temperature-sensitive allele of GEA1 are also sensitive to gentamicin, while sec7 mutants are not. These results suggest that gentamicin interferes with a subset of Arf functions. For example, the Arf-GEFs Gea1/Gea2 and the Arf-GAPs Gcs1/Glo3 regulate Arf function during the formation of COPI (coat protein complex I) vesicles for Golgi complex-to-ER retrograde trafficking (31). Robinson et al. (36) have shown that Arf and the other essential pair of GAPs, Age2 and Gcs1, are key regulators of endosome-to-Golgi complex trafficking. It has also been shown that the Gcs1-and-Age2 pair of Arf-GAPs is important in the trafficking of proteins from the trans-Golgi network to the plasma membrane (32) . A conditional double mutant is defective in the secretion of invertase as well as the delivery of Ste3 to the plasma membrane and CPY to the vacuole. Thus, gentamicin appears to interfere with at least two distinct Arf functions-Golgi complex-to-ER retrograde trafficking and endosome-to-Golgi complex trafficking. A defect in Golgi complex-to-ER trafficking is also consistent with the sensitivity of CPY processing to gentamicin in arf1 mutant strains. Often defects in CPY processing are caused by improper recycling of the ER cargo receptors, such as Rer1 and Erv14, back to the ER (14, 27) . Furthermore, GLO3 is a high-copy-number suppressor of arf1-16, the arf1 mutant found to be most sensitive to gentamicin (52) . The genetic and physical interactions between the Arf pathway components and gentamicin are similar to those between the Arf pathway and brefeldin A. Brefeldin A interferes with Arf function by disrupting the Sec7-dependent exchange of GDP FIG. 8 . Expression of mammalian ARF genes changes the sensitivity of yeast cells to gentamicin. Yeast arf1⌬/arf2⌬ cells expressing yeast ARF1 (yArf1), human ARF4 (hArf4), or bovine ARF1 (bArf1) were grown in YPD medium containing either 100 g/ml or 500 g/ml gentamicin and were incubated at 30°C overnight. Cells expressing either hARF4 or bARF1 were sensitive to gentamicin at either concentration.
for GTP on Arf (23, 28, 39) . Thus, it will be interesting to determine whether gentamicin disrupts Arf function via a similar mechanism involving the Gea proteins or one of the ArfGAPs. Interestingly, the cluster of mutants that cause hypersensitivity to brefeldin A is very different from that involved in gentamicin hypersensitivity, possibly because of the specificity for either the Sec7-Arf function or the Gea1/2-Arf function (25) .
A major effect of gentamicin in mammalian cells is the effect on the process of endocytosis (22) . This is similar to the deposition of chitin, which is controlled by regulating the movement of Chs3 from internal membrane stores to the cell surface (7, 12) . Both processes require Arf activity (45) . Thus, the functions of Arf are likely to be very similar in yeast and mammalian cells. In fact, human Arf1 or human Arf4 can rescue an arf1 arf2 double yeast mutant (19) . Thus, Arf function is highly conserved between yeast and humans. One can consider the activation of the cell wall stress response by gentamicin as simply a measure of Arf disruption. The gentamicininhibited trafficking events may be analogous to the defects seen during lysosomal vesicle fusion in the kidney proximal tubule cells of rats treated with gentamicin (15) . While Arf will clearly be regulating a different set of endocytic events in mammals, if gentamicin directly interferes with Arf activity, it is likely that gentamicin will interfere with Arf function similarly in yeast and mammals. In fact, we demonstrate here that when yeast cells have the function of their essential pair of Arf1 and Arf2 replaced by mammalian ARF genes, these cells have the kind of gentamicin sensitivity more typically associated with mammals than with yeast.
Based on our recent findings (47) and those of Blackburn and Avery (3), we propose the following model for gentamicin toxicity (Fig. 9 ). Gentamicin enters a yeast cell; however, most of the gentamicin is delivered to the vacuole and is relatively nontoxic. In cells lacking a functional Nhx1 endocytic proton transporter, the C/HOPS complex or the GARP complex, vesicular movement of gentamicin to the vacuole is impaired, causing missorting of vesicles, ultimately resulting in an increase in the cytoplasmic gentamicin concentration, which is toxic. Translational termination has long been proposed to be a target of the aminoglycosides and of gentamicin in particular (see the introduction). Normally, the toxic effects of gentamicin are lessened through the activities of the chaperones associated with translational termination-Zuo1, Ssz1, Ssb1, and Ssb2. However, in their absence or in the presence of greater cytoplasmic gentamicin concentrations, gentamicin becomes toxic. Our data also suggest that the Arf1 protein itself or an associated protein or target of Arf1/2-dependent trafficking may be a direct target of gentamicin. This is suggested by the increased sensitivity seen in cells exposed to gentamicin that lack any one of a number of regulators of Arf activity. Finally, the C/HOPS and GARP complexes, as well as the regulators of translational termination and the Arf pathway, have mammalian homologs, suggesting that similar gentamicin interactions take place in mammalian cells. While we see no evidence for mitochondrial involvement in yeast resistance to gentamicin, it is well known that the mitochondrial translation machinery is typically sensitive to antibiotics affecting bacterial translation. Thus, a closer examination of the effects of gentamicin on mitochondrial translation is warranted.
